Based on an approximate six-quark operator effective Hamiltonian from perturbative QCD, we present a systematical study of charmless B → P P, P V, V V decays (P and V denoting pseudoscalar and vector mesons, respectively). The calculation of the relevant hardscattering kernels is completed, the resulting transition form factors are consistent with the results of QCD sum rule calculation. Important classes of power corrections include "chirally-enhanced" terms, vertex corrections and weak annihilation contributions with nontrivial strong phase. With these considerations, predictions are presented for the branching ratios and CP asymmetries of B-meson decays into PP, PV and VV final states, and also for the corresponding polarization observables in VV final states. Several decay modes and observables, which are of particular interest phenomenologically, are discussed in detail, including the effect of annihilation amplitude with strong phase, the ππ, πK and πρ systems, the longitudinal polarization fraction f L in ρK * and φK * systems and so on. It is observed that predictions in our framework generally agree with the current experimental data.
Introduction
The study of hadronic charmless B-meson decays can provide not only an interesting avenue to understand the CP violation and the flavor mixing of quark sector in the standard model (SM), but also a powerful means to probe different new physics scenarios beyond the SM [1, 2] . With the operation of dedicated B-factory experiments, a huge amount of experimental data on hadronic B-meson decays has been analyzed with appreciative precision. To account for the experimental data, theorists are urged to gain deeper insight into the mechanism of these decays.
Theoretically, in order to consistently predict hadronic B decays, it needs to deal with the short-distance contributions in a complete and systematic way from the high energy scale down to a proper low energy scale at which the perturbative calculations still remain reliable, and to treat the long-distance contributions which contain the non-perturbative strong interactions involved in these decays. The main task is to reliably compute the hadronic matrix elements between the initial and final hadronic states. In the past years, much progress has been made in our understandings of the hadronic charmless B-meson decays [2] , and several novel methods based on the "naive" factorization approach (NF) [3] , such as the perturbative QCD method (PQCD) [4] , the QCD factorization approach (QCDF) [5] , and the soft-collinear effective theory (SCET) [6] , have been proposed.
All the above frameworks of weak decays are based on the four-fermion operator effective Hamiltonian derived via operator product expansion and renormalization group evolution. In hadronic weak decays, the short-distance QCD contributions are characterized by the Wilson coefficient functions of four-quark operators and the long-distance ones are in principle obtained by evaluating the hadronic matrix elements of relevant four-quark operators. The Wilson coefficient functions are in general calculated by perturbative QCD which is well developed, while the evaluation of hadronic matrix elements remains a hard task as it involves non-perturbative effects of QCD. In fact, for the mesonic two-body decays of B meson, it involves three quark-antiquark pairs once each meson is regarded as a quark-antiquark bound state at the quark-level structure.
This fact then naturally motivates us to consider the six-quark (rather than four-quark) operator effective Hamiltonian [7] .
For the infrared singularity caused by the gluon exchanging interaction during the evaluation of the hadronic matrix elements of effective six-quark operators, it is simply regulated by the introduction of a mass scale motivated from the gauge invariant loop regularization method [8] , where the energy scale µ g is introduced to play the role of infrared cut-off energy scale without violating gauge invariance.
We have applied the QCD factorization based on six-quark operator effective Hamiltonian to B (s) → ππ, πK, KK decays [7] , and the theoretical predictions for all the branching ratios and CP asymmetries in these decays are found to be consistent with the current experimental data except for a few decay modes. The strength of annihilation diagram contributions is a widely discussed issue in hadronic B decays [9] . Their effects are assumed to be important both in pQCD and QCDF framework, and could even be fine-tuned independently for different decay modes [10, 11] . Motivated by these observations, in this work we try to find a simultaneous solution for all B → P P, P V, V V decay modes in the framework of six-quark operator effective Hamiltonian, by considering annihilation contribution with non-trivial strong phase. However, the calculation of strong phase from nonperturbative QCD effects is a hard task, there exist no efficient approaches to evaluate reliably the strong phases caused from nonperturbative QCD effects , and we has to set the strong phase as an input parameter in our framework.
Our paper is organized as follows. In section 2, after briefly reviewing the four-quark operator effective Hamiltonian, we begin with the introduction of the primary six-quark diagrams with the exchanges of a single W-boson and a single gluon, and the corresponding initial six-quark operator. It is shown that a complete six-quark operator effective Hamiltonian is in general necessary to include all contributions from both perturbative and non-perturbative QCD corrections. The treatments of the singularities caused by the gluon exchanging interactions and the on mass-shell fermion propagator are presented in Section 3. Then in the next section, the vertex corrections and annihilation contributions are presented. Section 5 contains all the input parameters which will be used in our calculation. In Section 6, we will give our numerical predictions and discussions for B → P P, P V, V V decays. Our conclusions and the decay amplitudes are given in the last section and in the Appendix, respectively.
Effective Hamiltonian of Six-Quark Operators

Four-Quark Operator Effective Hamiltonian
Let us start from the four-quark effective operators in the effective weak Hamiltonian. The initial four-quark operator due to weak interaction via W-boson exchange is given as follows for B-meson decays
The complete set of four-quark operators are obtained from QCD and QED corrections which contain the gluon-exchange diagrams, strong penguin diagrams and electroweak penguin diagrams. The resulting effective Hamiltonian (for b → s transition) with four-quark operators is given as follows [12] 
where λ s q = V qb V * qs are products of the CKM matrix elements, C i (µ) the Wilson coefficient functions [12] , and O i (µ) the four-quark operators
Here the Fermi constant G F = 1.16639 × 10 −5 GeV −2 , (q ′ q ′ ) V ±A =q ′ γ µ (1 ± 
Six-quark Diagrams and Effective Operators
As mesons are regarded as quark and anti-quark bound states, the mesonic two body decays ac- The resulting initial effective operators contain four terms corresponding to the four diagrams, respectively. In a good approximation, the four quarks via W-boson exchange can be regarded as a local four-quark interaction at the energy scale much below the W-boson mass, while the two QCD vertexes due to gluon exchange are at two independent space-time points, the resulting effective six-quark operators are hence in general non-local. The six-quark operators corresponding to the four diagrams in Fig. 3 are found to be
where k and p correspond to the momenta of gluon and quark in their propagators. q 1 is usually set to be the heavy b quark. x 1 , x 2 and x 3 are space-time points corresponding to the three vertexes. The color index is summed between q 1 , q 2 and q 3 , q 4 . Note that all the six-quark operators are proportional to the QCD coupling constant α s due to gluon exchange. Thus the initial six-quark operator is given by summing over the above four operators
Actually, the initial six-quark operators O (6) q j (j = 1, 2, 3, 4) can be obtained from the following initial four-quark operator via a single gluon exchange
Unlike the classical four-quark effective operator, the six-quark operators used here are nonlocal with quark and gluon propagators inserted into them. Such operator is equal to the one used in SCET with 1 D and be found to be a more effective form to describe dynamics at low energy scale around 1.5 GeV.
With the above considerations, the QCD factorization approach with six-quark operator effective Hamiltonian enables us to evaluate all the hadronic matrix elements of nonleptonic twobody B-meson decays. The detailed calculations of the hadronic matrix elements in B → π 0 π 0 , as an example, could be found in our previous paper [7] . As for the hadronic matrix elements in other B → P P, P V, V V decays, we shall list them in the Appendix.
Treatment of Singularities
Before proceeding, we would like to point out that there are two kinds of singularities in the evaluation of hadronic matrix elements. One singularity stems from the infrared divergence of gluon exchanging interaction, and the other one arises from the on mass-shell divergence of internal quark propagator.
In general, a Feynman diagram will yield an imaginary part for the decay amplitudes when the virtual particles in the diagram become on mass-shell, and the resulting diagram can be considered as a genuine physical process. It is well-known that when applying the Cutkosky rule [13] to deal with a physical-region singularity of all propagators, the following formula holds:
which is known as the principal integration method, and the integration with the notation of capital letter P is the so-called principal integration.
However, the Cutkosky rule is useless for singularities from infrared divergence of gluon propagator. Integration with those propagators is sensitive to the infrared cut-off for gluon and light-quark propagator, and diverge to infinity when the cut-off becomes to zero. A modified integration with different parameters for different channels is used in QCDF framework [10, 11] , while the transverse momentum k T dominating in the zero momentum fraction is added to the propagator in pQCD framework [4] . In this work, we prefer to add the same dynamics mass for both gluon and light quark to investigate the infrared cut-off dependence of perturbative theory prediction:
(q is a light quark).
It is noted that, as the gauge dependent term k µ k ν can always be written as linear combinations of the momenta p α on the external lines of spectator quark, and they are all on mass-shell in our present consideration (as defined in Fig. 2 , their contributions equal to zero once the equation of motion is used. Our results are therefore gauge independent.
The light-cone coordinate is adopted with (n + , n − , k ⊥ ).
Vertex Corrections and Annihilation Contributions
The short-distance contributions characterized by the Wilson coefficient functions for the effective four-quark operators were calculated by several groups at the leading order (LO) and the next-to-leading order(NLO) [12, 14] . Their values depend mainly on the choice for the running scale µ. When considering the NLO Wilson coefficient functions and α s , one needs to include the magnetic penguin-like operator O 8g which is defined as [12] 
where i, j are the color indices. The magnetic-penguin contribution to a generic B → M 1 M 2 decay leads to the modification for the Wilson coefficients corresponding to the QCD penguin operators,
with C eff 8g = C 8g + C 5 , |l 2 | = m 2 B /2, and a 4,6 = C 4,6 +
Nc which appear in the factorizable diagrams.
As shown in Ref. [15] , CP violating observables may be improved by adding vertex corrections. Furthermore, the vertex corrections were proposed to improve the scale dependence of Wilson coefficient functions of factorizable emission amplitudes in QCDF [16] . Those coefficients are always combined as
, which, after taken into account the vertex corrections, are modified to
with n = 1, ..., 5, M 2 being the meson emitted from the weak vertex. In the naive dimensional regulation (NDR) scheme, V i (M ) are given by [10, 16] 
where φ a (x) and φ b (x) denote the leading-twist and twist-3 distribution amplitudes for a pseudoscalar meson or a longitudinally polarized vector meson, respectively. While for a perpendicularly polarized vector final state, φ a (x) = φ ± (x, µ) and φ b (x) = 0. The functions g(x) and h(x) used in the integration are given respectively as [10] g
To further improve our predictions, we shall examine an interesting case that vertexes receive additional large non-perturbative contributions, namely the Wilson coefficients
are modified to be the following effective ones:
The corrections V 1 (M 2 ) and V 2 (M 2 ) depend on whether the meson M 2 is a pseudoscalar or a vector. It could be caused from the higher order non-perturbative non-local effects, as shown in Fig.3 . Adopting V 1 (P ) = 26e (S − P ) × (S + P ) effective four-quark vertex:
From Eq. (15) can be converted into
by exchanging x ↔ (1 − y). Since the contributions of these amplitudes are dominated by the area x ∼ 0 or y ∼ 1, A
SP (M ) have the same sign, while A
As a result, we use the same strong phase for
SP (M ), and another one for A
Theoretical Input Parameters
The theoretical predictions in our calculations depend on many input parameters, such as the Wilson coefficients, the CKM matrix elements, the hadronic parameters, and so on. Here we present all the relevant input parameters as follows.
Light-Cone Distribution Amplitudes
For the wave function of B meson, we take the following form in our numerical calculations [17] :
where the shape parameter of B meson is ω B =0.30GeV, and N B is a normalization constant.
We next specify the light-cone distribution amplitudes (LCDAs) for pseudoscalar and vector mesons, the definition of which could be found in Refs. [18, 19] . The general expressions of twist-2 LCDAs are
and those of twist-3 ones are
where C n (x) and P n (x) are the Gegenbauer and Legendre polynomials, respectively. The shape parameters of light mesons are taken from [20] and listed in Table 1 .
The parameters in Table 1 are given at the scale µ=1.0GeV, and should run to our calculation
MeV. It is noted that LCDAs of light mesons become more close to their asymptotic forms (all shape parameters become zero) when the scale runs to higher values. 
--0.14 ± 0.06 0.10 ± 0.08 0.16 ± 0.06 0.14 ± 0.07
Decay Constants and Other Input Parameters
For decay constants of various mesons and other hadronic parameters, we list them in Table 2 .
As for the CKM matrix elements, we shall use the Wolfenstein parametrization [25] with the four parameters chosen as [26] : A = 0.798 [21] and the decay constants taken from the QCD sum rules [22, 23] and Lattice theory [24] .
In our numerical calculations, the running scale is taken to be
The scale of α s in the six-quark operator effective Hamiltonian is also taken at 1.5 GeV. Mass of b quark running to µ = 1.5 ± 0.1 GeV follows the framework in [27] as:
The definition of C i can be found in [27] . After calculation, we can get m b (µ) ≃5.54 GeV.
In addition, the infrared cut-offs for gluon and light quarks are the basic scale to determine annihilation diagram contributions (the smaller µ g , the larger contributions), and are set to be µ q = µ g =0.37 GeV.
Form Factors
As is known, form factors have to be provided from outside in QCDF and SCET frameworks (such as by resorting to QCD sum rules or lattice QCD), while can be calculated in pQCD approach. The method developed here allows us to calculate the relevant transition form factors as below:
with:
Before giving predictions of the observables in B → P P, P V, V V decays, we first list our numerical results for the form factor at q 2 = 0, and for comparison, we also list the results of QCD sum-rules,light-cone sum rules and PQCD [28, 29, 30] in Table 3 .
Numerical Results and Discussions
In this section, we shall classify the 43 channels of B decays into two light mesons according to the final states, and give our predictions for the branching ratios, the CP asymmetries, and the longitudinal polarization fractions. Comparisons with the current experiment data and other theoretical predictions, if possible, are also made. According to different decay modes, we shall give our predictions for the observables one by one.
B → P P decays
The contributions of effective Wilson coefficients and effects of different strong phases for annihilation diagrams for B → P P are shown in Tables 4 and 5 . For B → ππ decay channel, the naive power-counting based on factorization theory predicts:
However, from the current experimental data [31] , we can see that Br(π − π + )∼Br(π − π 0 ) and Br(π 0 π 0 ) is much larger than theory prophecy. From Table 5 , we can see that: with only the vertex and NLO corrections included, the branching ratio of B → π + π − and the ones of B + → π + π 0 , π 0 π 0 modes are bigger and smaller than the current experiment data, respectively; after taking into account the contributions of effective Wilson coefficients, which can reduce the former but enhance the latter two, our predictions are well consistent with the data.
The decay B → πK are dominated by penguin contributions. For the ratios defined by [32] 
There is a relation R c = R n ≈ 1 if other diagram amplitudes such as annihilation are negligible compared with penguin emission amplitude. The current experimental data are R c = 1.12±0.07
and R n = 0.99 ± 0.07. In our framework, we have R c = 1.15 and R n = 1.13, which are in perfect agreement with the data.
If we only consider the NLO contribution and vertex corrections, the direct CP violations for B + → π 0 K + , π + K 0 are wrong in signs compared to the experiments. To improve the The central values are obtained at µ q = µ g =0.37GeV, the first error stems from the uncertainties in the global parameters µ scale = 1.5 ± 0.1GeV, µ g = 0.37 ± 0.037GeV, and the second from the shape parameters of light mesons. NLO ef f and NLO ef f (θ a ) stand for results with "NLO correction+effective
Wilson coefficients" and "NLO correction+effective Wilson coefficients+annihilation with strong phase", respectively.
Mode Data [31] This work 
137 
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predictions, we apply the effective Wilson coefficients to get more reasonable results, and add a strong phase θ a πK = 5 • for annihilation diagrams. From Table 4 , it is noted that effective Wilson coefficients and annihilation contributions with strong phase could bring the signs of A CP (π 0 K + ) back to the right track, but do nothing with the sign of A CP (π + K 0 ).
As for tree diagram dominated channels B → ππ, KK, the contributions of strong phase are ignorable since they are doubly suppressed by CKM and small value of this strong phase. If we want to consider effect of strong phase, a large one such as −40 • or 50 • are needed here. We list their effects in Table 5 .
In order to better test our theoretical framework, we list the most recent predictions based on QCDF with strong phase effects [11] and the predictions from pQCD [15] approach in Tables 6   and 7 . The first theoretical error in our calculations is referred to the global parameters of running energy scale µ scale and the infrared energy scale µ g , and the second one is from the shape parameters of light mesons. 
B → P V decays
Power corrections to a i for B → P V, V V are not the same as that for B → P P as described by Eq. (14) . From Tables 8-13 , we can see that an enhancement of a i is needed to improve the rates of B → ρK, ωK, ρ 0 π 0 . However, it is constrained by the measured rates of ρ + π 0 and The decay modes B → πK * , ρK, ωK, φK are all penguin dominant channels. Just as argued in Ref. [33] , contribution of annihilation diagram and NLO correction have been known to be able to remarkably improve theory prediction. The predictions in our framework also support such an argument, contributions from NLO are helpful for our theoretical predictions while still smaller than that in pQCD [33] . This may be due to the following fact: the system scale we use is higher than the stop scale used in pQCD [33] (when running scale is lower than this scale, pQCD uses all running parameters in stop scale for present scale and then this stop scale is more or less the typical scale of pQCD calculation); as a result the NLO correction in our scale is smaller than that in pQCD framework.
For the case of B → Kφ or B → πK * decays, contributions of annihilation diagrams are more important than that in PP modes. This is due to the fact that emission penguin amplitude does not receive contribution of a 6 but only from a 4 . Our predictions without annihilation strong phase seem to approach the data, while the CP violation is not so good. Therefore, a small strong phase θ a = 5 • is enough just like in πK decays.
Predictions of B → ρK decay modes are smaller than experimental data, because emission amplitudes of these channels are attributed to the destructive combination of the Wilson coefficients a 4 − 2µ K a 6 , and hence are almost canceled out; the decay amplitudes are therefore dominated by annihilation contributions. Adding a strong phase θ a = 60 • for annihilation amplitude will remarkably improve the branching ratio, especially the CP asymmetry. Moreover, the difference between Br(ρ + K 0 ) and Br(ρ − K + ) is accommodated with this effect.
The case of B → ωK is similar to B → ρK, where emission diagram is also almost canceled out. In pQCD framework [33] , vertex correction to a 5 might enhance branching ratio of this channel in lower scale diagram P c (color-suppressed penguin diagram), but this enhancement is not obviously in our framework since we use uniform scale for all diagrams. If considering correction of effective Wilson coefficient, we could note that the effect of larger a 5 is obvious.
Just as in B → ρK decay mode, we add a strong phase for annihilation amplitude to improve predictions of branching ratios and CP violations.
B → V V Decays
Naive factorization without annihilation contribution predicts a longitudinal polarization fraction near 100% for all B → V V decay modes, while the polarization anomaly (f L is about 50%)
is observed by the BarBar [35] , Belle [36] and CDF [37] experiments. Furthermore, experimental data on B → ρρ channels show that Br(ρ + ρ − )∼ Br(ρ + ρ 0 ) which breaks the factorization power-counting while the power-counting Br(ρ + ρ − )≫Br(ρ 0 ρ 0 ) still satisfies. Motivated by the anomaly and the unsatisfied power counting relations, we shall study in detail the polarization in B → V V decays, especially in B → ρK * and φK * decays, and the branching ratios of B → ρρ modes in this section. The relevant predictions are listed in Tables 14-19 .
Before moving ahead, one point that should be noted is that we use a bigger gluon infrared cut-off in annihilation diagram, µ g =0.52GeV ≃ √ 2µ g , which is constrained by the huge penguin diagram contributions.
It is realized that the trick used in ππ puzzles is no longer useful here. If we add effective a 1,2 just as we do in ππ mode, it is only helpful for branching ratios of ρ + ρ − and ρ + ρ 0 modes, but at the cost of overflowing that of ρ 0 ρ 0 . Branching ratios of B → ρ 0 ρ 0 can be decreased by introducing proper strong phase (such as θ a = 60 • ) in annihilation amplitudes, while be increased by considering effective Wilson coefficients a ef f ′ 1,2 . Moreover, these two elements make predictions of branching ratios of B → ρρ, ρK * , φK * and ωK * to be better consistent with the experimental data. The effect of different strong phases to branching ratio, longitudinal polarization and direct CP asymmetry are listed in Tables 14-16. As for the channel B → K * K * , predictions of the branching ratios are smaller than the experimental data. The strong phase effect does not increase the predictions, so the prediction without strong phase are better than the one with it.
Another important point should be noted that the predictions for the branching ratios of B → ρK * , φK * and ωK * modes are all bigger than the experimental data, which means that if we want to solve the observed polarization anomaly, we need to find some way to reduce the In our framework, sizable annihilation contributions appear in all the three parts of the amplitudes: longitudinal, parallel and transverse. In order to get a reconciled prediction for the polarization part, we shall add an extra strong phase (θ a = 60 • ) in all annihilation diagrams. As a result, the longitudinal amplitude can be partly counteracted by annihilation contributions, while the parallel and transverse ones are not be influenced much. From Table 15 , we can see that our predictions for the longitudinal polarization fraction are generally consistent with the current data when considering complex annihilation contributions and effective Wilson coefficients.
In B → V V decays, there are another two interesting observables φ and φ ⊥ , which are defined to be the relative phase between the parallel and the longitudinal amplitudes and that between the transverse and the longitudinal amplitudes, respectively. The corresponding definition can be found in Ref. [41] . To compare with the data, we only discuss B → φK * + , φK * 0 decay modes. Since φ is the same as φ ⊥ , we simply write them as φ and the numerical results 
It is noted that, although our predictions are bigger than the data, they are roughly consistent with the results in QCDF [46] .
Conclusions
Based on the approximate six-quark operator effective Hamiltonian derived from perturbative QCD, the QCD factorization approach has been naturally applied to evaluate the hadronic matrix elements for charmless two body B-meson decays. It is shown that, with annihilation contribution and extra strong phase, our framework provides a simple way to evaluate the hadronic matrix elements of two body decays.
For B → P P final states, our predictions for branching ratios and CP asymmetries are generally consistent with the current experimental data within their respective uncertainties, 5 • ) are adopted. Especially for the branching ratio of B → π 0 π 0 mode, our result, although being still smaller than the data, is consistent with that in QCDF [11] .
As for B → P V decays, similar conclusions are found. The exceptions here are the branching ratio of ρ + π 0 and B → K * 0 π 0 modes, which are bigger than the data. An interesting point should be noted that our predictions are also consistent with the ones in QCDF [11] . Since the current data on CP asymmetries have large uncertainties in these modes, more precise experimental data are expected to further test our framework.
In B → V V decay modes, we have shed light on the polarization anomalies observed in B → φK * , ρK * , ωK * decays. It is noted that these anomalies could be explained in our framework when considering annihilation contributions with a strong phase (θ a = 60 • ). Moreover, the annihilation contributions with a strong phase have remarkable effects on the branching ratios and CP asymmetries, especially on the observables of penguin dominated decay modes. As a result, with the effects, we also have good predictions for the branching ratios and direct CP asymmetries.
It is noted that the method developed in this paper allows us to calculate the relevant transition form factors. Our predictions(for B to light mesons form factors) are consistent with the results of light-core QCD sum-rules and pQCD. We further apply the method to B s → P P, P V, V V decays, and the paper [50] is now in preparation.
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With the above definition, we can express hadronic matrix elements with the sixteen diagrams in Fig.4 marked with (a1)-(d4):
with the matrices U i defined as
Definitions of M i are attributed to three types of current-current four-quark vertexes:
Therefore, there are totally 48 kinds of hadronic matrix elements involved in the QCD factorization approach, while it is easy to check that only half of them are independent with the following relations:
where T F Xa and T 
where M 1 and M 2 are pseudoscalar (P ) or vector(V ) mesons. The twelve types of ampli-
, are defined as follows
for the so-called emission diagrams, and
for the so-called annihilation diagrams. Where T F XA , T N XA , A F XA , A N XA (X = LL, LR, SP , A = a, b) arise from the hadronic matrix elements and their detailed expressions are given below.
We now list our results for the various decay amplitudes expressed in terms of above topological amplitudes. The detailed calculations of the hadronic matrix elements for B → P P decays could be found in our previous paper [7] . As for decay amplitudes and the hadronic matrix elements for B → P V, V V decays, we shall list them one by one as follows. Firstly, for B → πρ decay channels, we have
For B → πK * decay channels, the decay amplitudes are
For B → ρK decay channels, we have:
For B → ωK decay channels, we have:
For B → φK decay channels, we have:
For B → K * K decay channels, we have:
For B → ρρ decay channels, we have(three part of amplitude are similar):
For B → ρK * decay channels, we have(three part of amplitude are similar):
For B → ωK * decay channels, we have(three part of amplitude are similar):
For B → φK * decay channels, we have(three part of amplitude are similar):
For B → K * K * decay channels, we have(three part of amplitude are similar):
Let us first give the factorizable emission contributions for the (V − A) × (V − A) and (V − A) × (V + A) effective four-quark vertexes, they are simply denoted by LL and LR
The factorizable emission contributions for the (S − P ) × (S + P ) effective four-quark vertex are found to be
Similarly, we obtain
for non-factorizable emission contributions with the (V − A) × (V − A) effective four-quark vertex, and 
for non-factorizable emission contributions with the (S −P )×(S +P ) effective four-quark vertex.
We now present the results from annihilation diagram contributions,
for the factorizable annihilation contributions with the (V − A)
effective four-quark vertexes, and
for the factorizable annihilation contributions with the (S − P ) × (S + P ) effective four-quark vertex, and
for the non-factorizable annihilation contributions with the (V −A)×(V −A) effective four-quark vertex, and following explicit forms:
For the P 1 V 2 final states, we can replace wave function in Eqs. (A-20) to (A-28)with
with φ ′ σ = ∂φσ ∂x . For V 1 P 2 final states, we can replace wave function in Eqs. (A-20)to(A-28)with
(A-32)
For the V 1 V 2 final states, we can replace wave function in Eqs. (A-20)to(A-28)with
For the transverse part of two vector meson final states, we list all hadronic matrix elements based on six-quark approach(separate to plus/minus parts, which is valuable when considering vertex correction) we first get the factorizable emission contributions for the (V − A) × (V − A) (V − A) × (V + A)effective four-quark vertexes, they are simply denoted by LL and LR
(A-34)
Similarly, we obtain: (1) (2) (3)
